The issue of the number of protein folds is steeped in controversy despite its significance for understanding evolution and predicting protein structure from amino acid sequence. Using various assumptions, several research groups have tackled this problem with very different results. In the present study, a more rigorous statistical approach is used to address this question. From three different data sets, the total number of protein folds is estimated to be about 650. A detailed theoretical analysis suggests that (i) a random sample of non-transmembrane protein families has been selected for crystallization and structural determination, (ii) except for about 40 folds, most protein folds occurring in nature contain about the same number of different protein families. With the estimation of the total number of protein folds, the number of naturally occurring superfamilies can then be estimated as 1150.
Introduction
An important, yet seemingly unattainable, goal in structural biology is to be able to predict the native three-dimensional structure of a protein entirely from its amino acid sequence. With the advent of the human genome project, the necessity of a solution to this problem has become especially crucial. The many unsuccessful attempts to predict three-dimensional structures of proteins based only on first-principles have simulated the development of new strategies relying on experimentally determined protein structures (Godzik et al., 1993; Jones and Thornton, 1993; Unger and Sussman, 1993; Sippl, 1993) . Among these approaches, the 'threading' or fold identification method seems to be one of the most promising approaches to solve the protein folding problem (Eisenhaber et al., 1995; Lemer et al., 1995) . Analyses of sequences and structural relatedness revealed that proteins are clustered into families whose members have evolved from a common origin, share a characteristic fold, and sometimes, have a similar function (Pascarella and Argos, 1992; Holm et al., 1992; Yee and Dill, 1993; Orengo et al., 1993; Holm and Sander, 1994; Lessel and Schomburg, 1994; Rufino and Blundell, 1994) . It is now well established that protein domains having more than 30% of their sequence in common adopt the same fold structures (Sander and Schneider, 1991; Blundell and Johnson, 1993; Flores et al., 1993; Hilbert et al., 1993) . Furthermore, there are many examples of proteins which have a low sequence similarity (Ͻ25%) adopting similar fold structures. As pointed out by Finkelstein and Ptitsyn (1987) , owing to different stereo-chemical constraints, the number of different folds adopted by proteins may be limited. Based on this experimental observation, threading techniques attempt to identify the fold a sequence will adopt by considering its fit to each member of a library of known folds. Therefore, a reasonable estimation for the total number of folds is critical to the continued fortune of the threading methods. Several groups have tackled this problem with very different results (Chothia, 1992; Blundell and Johnson, 1993; Alexandrov and Go, 1994; Orengo et al., 1994; Wang, 1996) . In this communication, a rigorous statistical sampling approach is used to address this question. The result indicates that the total number of protein folds in nature is about 650.
Methods and results

Number of protein families with unknown folds
In the present study, the classification method of Murzin et al. (1995) was used for identifying a new protein family, superfamily and common fold. Proteins are clustered together into families on the basis of one of two criteria: (i) all proteins that have residue identities of 30% and greater; (ii) proteins with lower sequence identities but whose functions and structures are very similar. Families, whose proteins have low sequence identities but whose structures and, in many cases, functional features suggest that a common evolutionary origin is probable, are placed together in superfamilies. Superfamilies and families are defined as having a common fold if their proteins have major secondary structures in the same arrangement with the same topological connections. On the basis of sequence alignment, followed by clustering together of structures with more than 30% sequence identity, 639 non-transmembrane protein families, 451 superfamilies and 318 fold structures were found in the SCOP database in May 1996.
As mentioned earlier, naturally evolved sequences with more than 30% pairwise sequence identity have similar fold structures. Thus, there must be an upper limit to the number of common folds, as there can be no more folds than protein families. On the basis of the current available database, it will be seen that this upper limit can be reduced further. Suppose there are N protein families whose tertiary structures are unknown, of which N 1 adopt currently known folds and N 2 (ϭ N -N 1 ) have unknown folds, and k non-homologous proteins (Ͻ30% sequence identity) have been selected for structural determination at random from the pool of all unknown non-homologous proteins, the probability that exactly k 2 proteins have novel fold structures can then be written as
Consider the ratio of the probabilities for two successive values of N 2 : Fig. 1 . Annual decrease in the percentage of newly-determined nonhomologous protein structures (Ͻ30% sequence identity) which adopt a novel fold. There is a 40% chance that any non-homologous protein will have a novel fold.
Note that this ratio is larger than 1 (i.e., the probabilities are increasing with N 2 ) if and only if
or, equivalently, if and only if
According to the method of maximum likelihood estimation (Larsen and Marx, 1981) , the value of N 2 can be estimated as Figure 1 shows annual decrease in the percentage of finding a new fold. It can be seen from this figure that given a completely novel sequence (Ͻ30% identity to any other sequence) there is at present only a 40% probability that the protein will possess a novel fold, and therefore we have k 2 /k ϭ 0.4. By searching the current SWISS-PROT database, Orengo et al. (1994) estimated that there is a total of 23 100 non-transmembrane 30SEQ families in nature. On this basis, the number of protein families with unknown folds can be estimated as N 2 ϭ (23 100 -639 ϩ 1)ϫ0.4 µ 8985. Thus, even if each of the N 2 protein families adopts a unique novel fold structure, the total number of folds would be 8985 ϩ 318 ϭ 9303. This figure represents an upper bound to the total number of folds obtained from the current database, and will decrease as representatives of unique folds are added to the database. Since many of the larger multidomain proteins in SWISS-PROT will consist of combinations of the basic domain folds, the total number of protein families, and hence the upper limit on the number of protein folds given above may still be considerably overestimated. Table I shows the distribution of folds with different numbers of non-homologous structures. The head of the distribution could be fitted by an exponential function (Figure 2a ). Linear extrapolation to the ordinate from current data yields an intercept of lnf(0) ϭ 5.817. Note that f(m) is the number of folds which contain m representatives in the current database. Therefore, the figure, f(0) ϭ 336, can be taken as an estimation for the number of unknown fold structures, for which there is no example observed in the current database. According to the estimated values of N 2 ( ϭ 8985), the average number of protein families contained in an unknown fold can then be calculated as 8985/336 µ 27. How does the estimated number of the total folds depends on the choice of the database used? To investigate the influence of the particular choice of the data set on the result, two alternative sets were tested: set I contains all families and folds determined before 1995, and set II contains all families and folds determined before 1994. Figure 2b and c shows the corresponding distribution of folds with different numbers of protein families. Similarly, the number of unknown folds were obtained by linear extrapolation method, and the results are summarized in Table II . It can be seen from Table II that the total number of common folds estimated from the three different data sets are reasonably consistent.
Number of unknown folds re-estimated
Theoretical analysis
To understand the reason underlying the roughly exponential fall off in the frequency of folds containing exactly m protein families, let us consider the following sampling problem. Assuming there are M common folds, each of which contains C protein families, and λM protein families have been randomly selected for structural determination from a total of CM different protein families. If the sample size, λM, is small compared with the population size, CM, the probability of finding exactly m protein families with a given fold is then given by the binomial distribution with p ϭ 1/M When M is large enough, then by the Poisson approximation to the binomial law (Chung, 1974) 1
where the parameter λ is the mean and also the ratio of the number of protein families selected to the total number of folds. Since all M protein folds are equally probable, the frequency of folds containing exactly m protein families are given by
The first two moments of a Poisson distribution are
From Equations 7 and 8, the values of M and λ can be estimated by the method of moments estimates (Larsen and Marx, 1981) , and then the number of unknown folds can be calculated as MP(0; λ) ϭ Me -λ . The Poisson distribution with different λ values are shown in Figure 3 . When λ Ͻ 1, for a random sampling of a set of equally populated folds, we would expect to see mainly singlets, a few doublets and then decreasing number of multiplets. Thus, Poisson formula may be used to discover radical departures from uniformity or from the state of statistical control. In our database with 639 protein families, if we assume all folds are equally populated and there are about 1000 folds (M ϭ 1000, λ ϭ 0.639) as suggested by Chothia (1992) , the expected number of triplet is 23, quartet is 3.67 and twenty three matches (as found for the β/αTIM-barrel motifs) is 6.86ϫ10 -25 . It is apparent that the whole distribution is very skewed from the 'equally populated model', and the existence of the non-equal folds distorts the match rate in our statistical analysis. In this case, however, the Poisson distribution could still be applied if some assumptions are met. For example, assuming that, except for 38 folds containing between 4 and 23 representatives, all remaining 1993 folds are equally likely to occur, the first two sample moments can then be written as Thus, the total number of protein folds occurring in nature is 616 ϩ 38 ϭ 654. Table I compares the observed data to the Poisson distribution with M ϭ 616, λ ϭ 0.606. It can be seen from this table that the observed frequencies agree reasonably with the theoretical values when m ഛ 3, and the estimated number of unknown folds is just the same as that obtained by the extrapolating method. Similarly, the two data sets given above were also tested by the Poisson distribution. The values of M and λ were determined to be M ϭ 613, λ ϭ 0.457 for the data set I, and M ϭ 618, λ ϭ 0.341 for the data set II. Again, the theoretical values MP(m; λ) are seen to be rather close to the observed numbers, f(m) ( Table IIIa) . Thus, according to the Poisson distribution, the total number of equally populated folds, M, obtained from the three different data sets are also reasonably consistent (Table IIIb) . These results imply that (i) a random sample of non-transmembrane protein families has been selected for crystallization and structural determination; (ii) except for the prominent exceptions, most folds are equally populated. By considering the deviation of observed data from the Poisson distribution, Equation 6 can now be rewritten as
where the term o(m) represents an error term. Therefore, the apparent exponential relationship between f(m) and m shown in Figure 2 may result from the Poisson's approximation.
How many protein superfamilies?
Protein structures classified in the same superfamily are probably related evolutionary, and therefore they must share a common fold and, in many cases, have similar functional features. In the past few years, numerous methods have been proposed that use the evolutionary information to assist in structure analysis and prediction (Crawford et al., 1987; Zvelebil et al., 1987; Levin and Garnier, 1988; Rost and Sander, 1993; Stultz, et al., 1993; Benner et al., 1994; Wako and Blundell, 1994; Salamov and Solovyev, 1995; Defay and Cohen, 1996; Goldman et al., 1996) . Computing the number of superfamilies is therefore an undertaking which is on more solid ground. As in the case of protein folds, if protein families are uniformly distributed among superfamilies, we can also use the Poisson distribution to estimate the total number of naturally occurring superfamilies. Table IV lists the results obtained from the three different data sets. It can be seen from this table that the total numbers of superfamilies estimated on the basis of the different data sets are varied from 942 to 1235. This suggests that the all-equal hypothesis and hence the Poisson distribution may not be valid at the superfamily level. In Figure 4 , the number of superfamilies is plotted against the number of protein folds computed for the end of each accession year from 1972 to 1995. This graph shows a direct relationship between these two relevant numbers. The solid line is the best fitting result according to equation y ϭ axϩbx 2 with a ϭ 1.09Ϯ0.01, b ϭ 1.02ϫ10 -3 Ϯ 0.03ϫ10 -3 . Therefore, the most straightforward estimate of the number of possible protein superfamilies can be made by a simple extrapolation of the pace of discovery of new superfamilies, disregarding possible mechanisms that establish the relationship between these two numbers. With the estimation of the total number of protein folds (ϭ 654), the number of naturally occurring superfamilies can then be estimated as 1151.
Discussion
The issue of the number of protein folds is steeped in controversy despite its significance for understanding evolution and predicting protein structure from amino acid sequence. On the basis of the assumption that the ratio of folds/families in the current structural data bank is identical with that in all naturally occurring families, Chothia (1992) suggested that the total number of folds may be less than 1000. However, as Orengo et al. (1994) have pointed out, the total number of naturally occurring families given by Chothia (1992) may be underestimated. With their re-estimation for the total number of families, Orengo et al. (1994) gave a much larger number of folds than previously suggested (about 8000). If we repeat their calculation using the present SCOP database, the total number of protein folds in nature can be estimated as 318ϫ23100/639 ϭ 11496. As this figure is much larger than the upper bound obtained from the same database, some of the assumptions above must be incorrect. According to the assumption of Chothia (1992) and Orengo et al. (1994) , a set of newly-determined protein structures (in terms of families) should be clustered together into a set of novel folds with the same ratio (about 50%). In the other words, for the next 639 newly-determined single-domain structures, they should be clustered together into 318 novel folds. It is unlikely that this assumption is true since most of newly-determined structures in 1996 adopt known folds rather than cluster into the novel folds. With the assumption that the number of different protein families belonging to each protein fold is normally distributed, Alexandrov and Go (1994) found an estimated 6700 different folds. Now let us repeat their calculation with the present database. According to the normal distribution assumption, the number of proteins in a fold structure x would be equal to
where N is the total number of different proteins in nature, and σ is the standard deviation of the distribution. We can roughly estimate the total number of different proteins as N ϭ 10 10 . The fact that 2.77% ( ϭ 639/23100) of the protein families belong to 318 folds means that
From this equation we find that σ ϭ 9180. The number of the different folds, F, is equal to the number of the last fold containing at least 1 protein, and can be calculated from equation n(F) ϭ 1 Solving this equation, we obtain the solution that the number of protein folds is equal to F ϭ 48000. Compared with Alexandrov and Go's estimation, the number of protein folds 625 has been increased greatly. It can be seen from the discussion given above that the normal assumption is also unlikely since the estimated number of protein folds is even much larger than that of protein families. Recently, using the all-equal hypothesis, Wang gave an estimate of several hundreds (Wang, 1996) . A similar conclusion has been reported by Schulz some years ago (Schulz, 1981) . However, these results do not appear completely convincing because the underlying assumptions are restrictive, and no attempt has been made to justify the validity of the assumptions.
Although it was generally thought that it may be too early to make a definitive estimate of folds since the protein data base may not be sufficiently full, and the inherent biases in the Protein Data Bank for some proteins may introduce error in any computation, the highly consistent results obtained from the different data sets and the rigorous theoretical analysis given above persuade us that the present estimation may represent a sufficiently definitive advance in this area. If there are only seven hundred protein folds in nature, we should move towards experimental determination of one example of each common fold by the early part of the next century. Thus if the fold recognition methods can be improved, we will be able to provide, at least in outline, three-dimensional structures for most proteins in time for the completion of the genome projects.
